Abstract
Introduction

54
-Mannan, the second most abundant hemicellulose in nature, is classified into four types of 55 mannopolysaccharides, i.e., linear mannan, galactomannan, glucomannan, and galactoglucomannan, on 56 the bases of its branching structure and sugar composition (Moreira and Filho, 2008) . Endo-β-1,4-57 mannanase (EC 3.2.1.78, term -mannanase in the present paper) is the enzyme that hydrolyzes internal 58 -1-4-mannosyl linkages of -mannan producing mannooligosaccharides such as mannotriose and 59 mannobiose (McCleary, 1988; Stalbrand, 2003) . This enzyme has been used for various bioprocesses in 60 which the quality of products is improved via degradation of -mannan, e.g., bleaching softwood pulps, 61 declining viscosity of feeds and foods, and clarifying beverages (Dhawan and Kaur, 2007) . A vast 62 variety of bacteria, actinomycetes, yeasts and fungi produce -mannanase and degrade -mannan to 63 assimilate it as carbon and energy sources (Talbot and Sygusch, 1990; Puchart et al., 2004) . -
64
Mannanase is also produced by higher organisms like plants (Shimahara et al., 1975; Marraccini et al., 
4
Previously, we isolated a -mannanase, AkMan, from the digestive fluid of A. kurodai and 79 found that this enzyme preferably degraded linear mannan from a green alga Codium fragile producing 80 mannotriose and mannobiose as major end products (Zahura et al., 2010) . Further, we found that
81
AkMan was considerably acid stable, i.e., this enzyme showed a broad pH optimum spanning 4.0 to 7.5 82 and the activity was not declined in such pH range upon incubation at 40 o C for 20 min (Zahura et 
148
The transformed E. coli was cultivated at 37 o C in a 250 mL 2 x YT medium and the expression of sequences of AkMan (L-1~L-4), which we previously determined with lysylendopeptidyl fragments 229 (Zahura et al., 2010) , were seen in the deduced sequence (Fig 2) (Fig. 4) . AkMan together with other 255 molluscan -mannanases formed an independent clade distinct from those of β-mannanases from fungi, 256 plants, and the bacteria (Fig 4) . These clades are expectedly consistent with the division of subfamilies 
Biochemical properties of recAkMan
270
Optimum pH of recAkMan was similar to that of native AkMan, i.e., recAkMan showed a broad pH 271 optimum spanning 4.0 to 7.5 as did native AkMan (Fig 6A) . Whereas, recAkMan showed an optimal 272 temperature at 45 o C which is 10 degrees lower than that of native AkMan (Fig 6B) . 
280
To assess the substrate preference of recAkMan, linear -mannan from C. fragile, locust bean gum 281 (galactomannan) and mannooligosaccharides (M2-M6) were degraded by recAkMan and the 282 degradation products were analyzed by TLC. As shown in Fig. 7A used as substrates, only the oligosaccharides larger than tetrasaccharide were degraded (Fig. 7C ).
288
Namely, mannopentaose and mannohexaose were degraded by recAkMan and mannotriose and 37-53% identities with those of molluscan β-mannanases reported so far (Fig 3) . (Fig 3) . The amino-acid identities 314 of these regions among the molluscan enzymes were higher than 75%. The residues that have been 315 demonstrated to serve as catalytic nucleophile and proton donor in GHF5 enzymes, i.e., Gly20, Arg60,
316
His262, Tyr264 and Trp322 in AkMan, are all located in these conserved regions (Fig. 3) and HdMan showed relatively low sequence identity, i.e., approximately 53%, and many amino-acid 330 replacements were found between two enzymes (Fig. 3 ). These differences in the primary structure may 331 relate to the differences in temperature and pH dependence between two enzymes; however, it was 332 difficult to point out the specific amino-acid residues or regions responsible for the heat and acid 333 stabilities of AkMan since too many amino-acid replacements were distributed almost equally over the 334 sequence.
335
Recombinant AkMan could be produced with the cold inducible E. coli expression system 336 although the yield was modest. The specific activity of the recombinant enzyme was 15.8 U/mg which 337 is somewhat smaller than that of native AkMan, i.e., 27.3 U/mg (Zahura et al., 2010) . This may be due 338 to the difference in the temperature dependence between recAkMan and native AkMan (see Fig. 6A ).
339
Namely, in the standard assay temperature 30 o C, recAkMan exhibited 30% of the maximal activity 340 whereas native AkMan exhibited 45% of the maximal activity. The recAkMan was similar to native
341
AkMan with respect to the broad pH optimum, substrate preference, and degradation products of - 
347
The yield of recAkMan in the BL21(DE3)-pCold1 system was small in the purpose of 
